Three-dimensional structure of actin filaments and of an actin gel made with actin-binding protein by unknown
Three-dimensional  Structure of Actin  Filaments and of an 
Actin Gel  Made with Actin-binding  Protein 
RICHARD  NIEDERMAN,  PHILIP  C.  AMREIN,  and  JOHN  HARTWIG 
Hematology-Oncology  Unit, Department of Medicine,  Massachusetts General Hospital, Boston, 
Massachusetts 02114; and the Veterans Administration Medical Center, West Roxbury, 
Massachusetts 02132 
ABSTRACT  Purified muscle  actin and mixtures of actin and  actin-binding protein were exam- 
ined  in  the transmission  electron  microscope  after  fixation, critical  point drying, and  rotary 
shadowing.  The  three-dimensional  structure  of  the  protein  assemblies  was  analyzed  by  a 
computer-assisted  graphic analysis applicable  to generalized  filament  networks. This analysis 
yielded  information  concerning the frequency  of filament  intersections, the filament  length 
between these  intersections, the angle  at which filaments  branch  at these  intersections, and 
the concentration of filaments within a defined volume. Purified actin at a concentration of 1 
mg/ml  assembled  into  a uniform  mass of  long  filaments  which  overlap  at  random  angles 
between 0 °  and 90  °. Actin  in  the presence  of macrophage  actin-binding  protein  assembled 
into short, straight filaments,  organized  in  a perpendicular  branching  network.  The distance 
between  branch  points was inversely related  to the  molar  ratio of  actin-binding  protein  to 
actin. This distance was what would be predicted if actin filaments grew at right angles off of 
nucleation  sites on  the  two  ends  of  actin-binding  protein  dimers,  and  then  annealed.  The 
results suggest that actin in combination with actin-binding protein self-assembles  to form  a 
three-dimensional  network resembling the peripheral cytoskeleton of motile cells. 
The recent interest of cell biologists in the interactions of actin 
fdaments  with one  another is based on the finding that the 
cortical cytoplasm of many eukaryotic cells contains an actin 
fdament  network.  The  structural  relationship  between  actin 
fdaments responsible for their mechanical properties is poten- 
tially discernible in the electron microscope, a possibility sup- 
ported by increasingly improved images of the three-dimen- 
sional structure of macromolecular assemblies, including those 
within  ceils  (13,  14,  22-25,  33).  Studies  of the  mechanical 
properties of actin fdaments, both in purified state and in the 
presence of proteins that modulate their mechanical behavior, 
is beginning to yield a molecular picture of the nature of these 
interactions, views which are reviewed in references 20 and 28. 
The  three-dimensional  relationships  of  actin  f'daments  ob- 
served in the  electron  microscope, together with  rheologlcal 
measurements, can provide a complete picture of the molecular 
basis  for the  mechanical  properties  of actin  networks.  This 
picture would provide a basis for making mechanical interpre- 
tations of actin fdament networks observed with the electron 
microscope. 
As a step in the direction of analyzing the three-dimensional 
structure  of actin  networks,  we have developed  a  computer 
program for determining four parameters of fdament networks 
from stereoscopic images obtained in the electron microscope. 
These parameters are: (a) the frequency of filament overlaps; 
(b) the distance between the overlaps; (c) the angles of overlap; 
and (d) the mass of filaments in a defined volume. This paper 
describes these properties for purified actin f'daments and for 
actin assembled in the presence of macrophage actin-binding 
protein. 
MATERIALS  AND  METHODS 
Actin, prepared from rabbit skeletal  muscle by the method of Spudich and Watt 
(26), was further purified by colunm chromatography on Sephadex G-150 (11). 
Macrophage actin-binding protein was prepared as described previously (11). 
Purified actin,  1 mg/ml, or actin mixed with various concentrations of actin- 
binding protein was polymerized on electron  microscope grids attached to glass 
slides.  The grids (200 mesh, Pelco,  Tustin, CA) were coated sequentially with: 
0.25%  Formvar by evaporation  from ethylene dichloride;  1%  polylysine (Mr 
20,000,  Sigma Chemical  Co.,  St.  Louis, MO);  and  finally  1%  bovine serum 
albumin at 1 rag/m1 (Sigma Chemical Co.). The grids were washed thoroughly 
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allowed tO dry until use. Actin, in a solution containing 0.2 mM CaCh, 0.5 mM 
ATP, 0.5 mM 2-mercaptoethanol, and 2 mM Tris-HC1,  pH 7.5 was mixed with 
various concentrations of actin-binding protein in the same solution. The actin 
was polymerized by the addition of KC1 and MgCh to fmal concentrations of 
100 mM and 2 raM, respectively. 10/xl of the protein solution was placed on each 
grid and incubated in moistened petri dishes at room temperature. After 30 rain 
the sndes and adherent grids were placed in a solution conlaining 60 mM PIPES, 
40 HEPES,  10 mM EGTA, 2 mM MgCI2 (PHEM buffer of SchIwa and Van 
Blerkom [24]). The grids were fixed with 1% glutaraldehyde (Pelco) diluted from 
an 8% stock solution in PHEM buffer for  10 min at room temperature. After 
fixation the grids were dipped in PHEM buffer, then placed in 0.5%  OsO, in 
PHEM buffer for 5 rain. They were then: dehydrated through increasing concen- 
trations of ethanol; critical-point-dried from ethanol with liquid CO~ (1); rotary 
shadowed with plantinum-carbon at 25 °  (13,  17); and then viewed in a Philips 
301  electron  microscope  at  an  accelerating voltage of  60  keV.  Stereo  pair 
photOgraphs were taken at ±6  ° (7, 8). 
/vlorphometry:  Stereo pair electron micrographs of the actin and actin- 
binding protein gels were magnified 150,000 times to carry out the morphometric 
analyses. Enlarged pairs of photographs were placed on the graphics tablet of an 
Apple II +  microcomputer equipped with a floppy disk (Apple Computer, Inc., 
Cupertino, CA). The graphics tablet was placed on a 9 x  9 inch stereo viewer 
(Polyseiences, Inc., Warrington, PA). Stereo photographs were taped onto the 
graphics tablet and aligned vertically  and horizontally. Verticality  was determined 
by the axis of tilt in the microscope by taking double exposures of the same 
specimen moved parallel to the axis of tilt. Horizontality was established by 
aligning a given object in both photographs in the same horizontal plane. This 
procedure gave the appearance of three dimensions when viewed through the 
stereo viewer. The scale of graphics tablet was calibrated by entering two points 
defining a  known  distance between  them  at  the  final magnification of the 
photographs. A  reference point was designated in each picture for calculating 
distances to all other points subsequently entered into the computer (for detailed 
sample calculation, see page 1409 and Fig. 2). AU fdaments within a viewing area 
were entered to the computer. Filament segments were entered by sequentially 
placing the pen of the graphics tablet on an identical feature of the same f'dament 
in each micrograph. The X,  Y, and Z  coordinates of the entered points were 
determined by the cdmputer. Filaments were defined as vectors running between 
two points entered sequentially (see Appendix). 
The foUowing four parameters were established and measured: (a) filament 
overlaps  or  intersections,  (b)the  angles  formed  by  intersecting  filaments, 
(c) ftlament length  between  intersections, and  (d)the  concentration  of acdn 
fdaments in a defined volume. 
FILAMENT INTERSECTIONS:  Filaments often appeared to overlap one an- 
other when viewed in stereo. Three types of intersections were observed: filaments 
that clearly ended by intersecting a second fdament along its length (T junctions); 
fdaments  that  crossed other  fdaments  (X junctions)', and  fdament junctions 
involving  more than two fdaments (foci). The validity  of apparent T, X, and focal 
intersections was established with the computer. Identical points on each of the 
two fdaments involved in the intersection were entered with the graphics pen. 
The points on the filaments were picked such that they were on opposite sides of 
the apparent intersection. For these intersections, the computer calculated the 
distance between the crossing fdaments. If the distance was calculated to be _< 10 
rim, the filaments were judged to intersect. This distance was the diameter of 
single actin f'dament as detailed in Results. Although T-junctions could be easily 
discerned by viewing in stereo, these intersections were validated by the same 
method except that the end of the filament forming the T  was entered as no 
fdament existed on the opposite side of the junction. 
INTERSECTION  ANGLE:  If the filaments were determined to intersect as 
detailed above, the angle formed at the intersection was calculated. 
FILAMENT LENGTH BETWEEN INTERSECTIONS:  The filament length be- 
tween valid intersections was measured. The graphics pen was placed on the 
vertices of the two junctions and the length between these points was determined. 
CONCENTRATION  OF ACTIN FILAMENTS:  The concentration of actin in 
0.5 to 0.75-tma 3 volumes was calculated by summing the lengths of all fdaments 
within the volume (see Appendix) and converting this sum to mg/ml by the 
expression: fdament length/ml x  370 molecules/~m × 42,000 g/tool 6.023 ×  l0  ~° 
molecules/tool. 
RESULTS 
In the experimental results described below, we examined two 
structural features. First, we surveyed the overall appearance 
of the protein assemblies on the grid. Second, we examined the 
detailed structure of these protein assemblies within a defined 
region of the grid. 
Three-dimensional Structure of Purified 
Actin Filaments 
When a  1-mg/ml solution of actin was poiymerized on the 
surface  of a  grid by the  addition  of a  KCI, fdaments  were 
found to distribute relatively evenly over the grid surface. Fig. 
1 is an electron micrograph displaying the appearance of the 
actin at low magnification. 
Single filaments have a  10-nm diameter and in many cases 
the 37-rim periodicity of the actin filaments is preserved (Fig. 
2). The structure of actin revealed by this technique is therefore 
similar to that in negatively stained actin preparations, except 
that the filaments appeared wider, and the three-dimensionality 
of the solutions appears to be preserved. 
The  apparent  homogeneous distribution  of actin  over the 
grid surface was established  quantitatively  by analyzing the 
concentration of actin in random regions of micrographs. The 
actin  concentration calculated  from the  micrographs ranged 
between 0.5 and  1.5 mg/ml in 0.75-tan  3 volumes analyzed. In 
many cases,  what appeared  to the eye as differences in the 
apparent fdament concentration was due to variations in the 
depth of field. Three-dimensional viewing of stereo pairs re- 
vealed that the fdaments were relatively straight and tended to 
be >1.5 ~m in length.  Some of them overlapped and others 
aligned side-to-side (Fig. 2).  With the assistance of the com- 
puter analysis it was possible to ascertain with confidence when 
filaments made contact with one another. The average distance 
between fdament contacts was 0.70 ±  0.38 ~m (mean ±  SD). 
This  number  is  a  minimal  estimate  of the  spacing between 
filament contacts, because the maximum length of filaments 
that could be measured in the viewing field was ~1.5 #m. In 
other words, at the magnification used, most filaments ran off 
of the micrographs at both ends but intersected  at least  one 
other fdament as it crossed the micrograph. 
Three-dimensional Structure of Actin Assembled 
with Actin-binding Protein 
When actin was polymerized with actin-binding protein at 
molar ratios of 50:1 and 25:1 (actin/actin-binding protein), its 
arrangement on the grid was different from that ofactin alone. 
Fig.  3  is  a  low  magnification  electron  micrograph  of actin 
assembled in the presence of actin-binding protein. In contrast 
to actin, the distribution of actin plus actin-binding protein was 
discontinuous on the grid. Filament aggregates were randomly 
distributed across the grid and were separated by areas either 
lacking or sparsely covered with fdamentous material (Fig. 3). 
The  fdament  aggregates were of variable  size,  and many of 
them  covered relatively  large  areas  of the  grid  (Figs.  4-6). 
These regions are designated as "network densities." Despite 
the local variation in fdament density, the structure of fdaments 
appears to be similar in both regions of high and low fdament 
concentration. 
In detailed structure, the network densities were also entirely 
different from pure actin. First, the actin concentration in the 
densities was much higher than that of pure actin, and ranged 
from 6 to 12 mg/ml in volumes analyzed, despite the fact that 
nearly identical actin concentrations had been applied to the 
grids in both cases. Second, the fdaments were short, straight, 
and highly branched. Third, the distances between actin fda- 
ment intersections in the network densities were much shorter 
than  was  observed  in  purified  actin.  The  measured  length 
between the filament intersections was related to the amount 
of actin-binding protein present during the assembly process 
NIEOERMAN  ET  AL  Structure of Actin Gels  1401 FIGURE  1  LOW magnification electron micrograph of actin, 1 mg/ml, polymerized on the surface of a grid and then processed as 
described  in  Methods.  The  average actin  concentration  determined  from  five  different  areas  in  stereo  micrographs  of  this 
photograph was 1.43 mg/ml. Bar, 1 #m. X 28,000. 
(Fig. 7). At a molar ratio of I actin-binding protein to 50 actin 
monomers, the mean intersection length between filaments was 
165 +_ 100 nm. At higher molar ratios of actin-binding protein 
to actin (1:25), the  perpendicular  branching morphology re- 
mained,  but  the  network  spacing was  shortened.  The mean 
length between fdament intersections was reduced to 103 -4- 50 
nm (compare Figs. 4 and 5). 
Two types of filament intersections,  either X- or T-shaped, 
are revealed in high magnification stereo electron micrographs 
(Fig. 6). The most common type of branching encountered was 
X-shaped. The angle of branching from X- and T-intersections 
was always near perpendicular (Fig. 7). More than 70% of the 
filaments crossed within 20  ° of perpendicular. This perpendic- 
ular  branching  of actin  did  not  depend  on  the  local  actin 
concentration, since areas of lower concentration on the grid, 
away from the densities,  also displayed the same perpendicu- 
larity. 
DISCUSSION 
This paper provides quantitative information about the struc- 
ture of actin and of an actin gel formed by macrophage actin- 
binding  protein.  Actin  assembled  in  the  presence  of actin- 
binding protein forms a perpendicularly branched network of 
short, straight filaments. The structure of this network is strik- 
ingly different from that of actin alone. However, the structure 
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is  quite  similar to the cortical actin network as visualized in 
electron micrographs of various motile cells (2,  13, 23-25, 33). 
Actin 
Actin on grids existed as a continuous mat of long, relatively 
straight  filaments.  Filaments  made  contact  on average once 
every 0.7 #m, at angles varying continuously between 0 ° and 
90  ° . This  three-dimensional  organization seems to be  repre- 
sentative of F-actin in solution because the average concentra- 
tions of actin determined across the grid by computer analysis 
of micrographs was near that actually applied.  Although the 
micrographs provide no direct information as to the chemical 
nature of interactions at the filament junctions, rheologic data 
are  most  consistent  with  the  conclusion  that  purified  actin 
filaments in 0. I-M KCI solutions in vitro are long, extensively 
overlapping semiflexible polymers, and that the impediments 
to diffusion imposed  by these  overlaps account for the high 
viscosity of purified F-actin  (29,  36).  Furthermore,  the stress 
required  to disentangle  these  fdaments is  extremely low (28, 
35, 36), indicating that there are no specific chemical bonds at 
the junctions. 
Actin Assembled with Actin-binding Protein 
Actin  assembled  in  the  presence  of actin-binding  protein 
acquires mechanical properties resembling those of a gel (5, 27, FIGURE  2  Stereo  electron  micro- 
graphs of purified  F-actin. Actin fila- 
ments  are several  microns  long and 
can  be seen  to overlap or cross  one 
another (large arrows) and lie side by 
side (brackets) at a number of points. 
The filaments  exhibit a  helical  twist 
and occasionally a 37-nm axial repeat 
(small  arrows).  The actin  concentra- 
tion  is  0.5  mg/ml.  Tilt  is  +6  °.  Bar, 
1/~m.  x  50,000. 
28),  the rigidity of which is proportional to the concentration 
of actin-binding protein added (28).  The data presented here 
suggest that a  l-mg/ml solution of actin assembled with actin- 
binding protein in molar ratios of 50 or 25 actin monomers to 
1 actin-binding  protein  molecule  forms discontinuous  struc- 
tures over the grid surface. However, despite this difference in 
gross appearance, the free structure of  the filaments was similar 
in both regions of high and low concentrations. Filaments are 
short, straight, and branch at 90 ° angles. 
Actin-binding protein promotes the perpendicular alignment 
of actin filaments (12).  Random cross-linking of flexible poly- 
mer  chains  can  easily  form  an  isotropic  network,  but  the 
random cross-linking of straight, relatively stiff actin polymers 
tends to align the filaments in parallel (9). For example, several 
proteins  that  cross-link  actin  filaments  promote bundling  of 
the actin filaments (3, 4, 6,  10). In contrast, the perpendicular 
branching of actin by actin-binding protein increases the iso- 
tropy of the  actin  filaments  by preventing bundle  formation 
(11). 
Actin-binding  protein  molecules  nucleate  actin  assembly. 
The polarity of the actin filaments at these intersections was 
previously defined by labeling of the filaments with the heavy 
meromyosin subfragment of myosin. The arrowheads pointed 
toward the elbows of the intersection. This orientation is con- 
sistent with filament assembly beginning at the branch points. 
The  "barbed"  fflament's  end  is  therefore  farthest  from  the 
elbow. Therefore, actin filaments initially grow off actin-bind- 
ing protein nuclei in the "preferred" direction (21, 34) forming 
short  L-shaped  structures.  These  structures  have  the 
"unpreferred" end of the original nuclei near the point where 
the filaments cross (12). 
Three  mechanisms  for joining  these  branching  structures 
into a  continuous network  are possible:  (a) annealing  of the 
fdaments;  (b)monomer  exchange  from  the  short  to  longer 
filaments; or (c) free molecules of actin-binding protein linking 
network segments. The simplest explanation for the structure 
of this self-assembling system is depicted in Fig. 8. Assembly 
is  a  three-step  process: (a)Short  branches form as described 
above. (b) Subsequent growth of the nucleated fdaments in the 
"nonpreferred"  direction converts the  L-shaped structures  to 
X-shaped configurations. (c)X-Shaped  filament  intersections 
anneal to convert the planar intersections into a three-dimen- 
sional structure. X-Shaped polymers colliding with the correct 
polarity  would  then  produce  a  three-dimensional  network, 
because actin filaments are helices rotating 360  ° every 74 nm. 
To form a three-dimensional structure, sequential unions could 
anneal in different planes. The precise orientation of the two 
planar intersections on the annealed filaments would depend 
on where in the helix turn the junction occurred. This process 
would offset the two-dimensional perpendicular branching and 
create a three-dimensional network. 
The annealing hypothesis is supported by the actin filament 
lengths  measured  within  the  actin  network  assembled  with 
actin-binding  protein.  Since  actin-binding  protein  nucleates 
NIEDERMAN  ET  At  Structure  of Actin Gels  1403 FIGURE  3  LOW magnification  micrographs of actin assembled in the presence of actin-binding protein at a molar ratio of 1 actin- 
binding protein to 50 actins. Bar, 1/Lm.  X 28,000. 
actin assembly, it shortens the actin filament length distribution 
when compared with the same concentration of pure actin by 
dispersing the available actin into a greater number of  fdaments 
(12,  16,  18). At  an  actin  concentration  of  1  mg/ml,  each 
molecule of actin-binding  protein  would nucleate  actin  fda- 
ments 88 and  174 nm in length for the molar ratios of actin- 
binding protein to actin of 1:25 and 1:50, respectively. However, 
since  actin-binding  protein  is  bivalent,  having two domains 
with binding sites  for actin (11),  it has  two regions that can 
nucleate  fdament  elongation.  Therefore,  each  actin-binding 
protein molecule should generate actin fdaments 44 and 87 run 
in length.  Instead, the measured distance between actin fda- 
ment intersections on the micrographs was approximately twice 
this predicted value, being  103 and  165 nm at the two actin- 
binding protein concentrations, respectively. These values are 
near  those  predicted  if actin-binding protein  nucleated  only 
one actin fdament. Since each actin-binding protein molecule 
must nucleate two actin fdaments, the simplest explanation for 
the  lengths  measured  is  the  annealing  of two  fdaments  nu- 
cleated by different actin-binding protein molecules. 
Although widely accepted as a mechanism for actin fdamem 
assembly  (18),  filament  annealing  has  never  been  directly 
established.  Therefore, we cannot rule out the possibility that 
network assembly occurs by way of monomer exchange from 
the ends of  these short actin polymers (19, 21, 30, 32). However, 
the final attachments of two actin fdaments would still require 
either an annealing event or the simultaneous attachment of 
one actin monomer onto two actin fdaments. Another, more 
complicated mechanism for forming an intact network would 
be similar to the one outlined above except that step c would 
be different. In the last scheme, actin-binding protein molecules 
could join  the  X-shaped  filament  fragments  together  into  a 
network. This mechanism would require the persistence of free 
molecules of actin-binding protein that did not participate in 
actin nucleation, which seems unlikely. 
Network Discontinuity 
The  assembly  of actin  network  in  the  presence  of actin- 
binding  protein  is  discontinuous.  One  explanation  for  this 
observation is that actin monomers cannot assemble  on one 
area of the grid without decreasing their  concentration else- 
1404  TN~  ]OURNAL  OF  CELL  BIOLOGY  • VOLUME  96, 1983 FIGURE  4  Stereo  pair  electron  mi- 
crographs of actin plus actin-binding 
protein  at  a  mole  ratio of  50:1. The 
actin-actin-binding  protein  mixture 
forms  a  branching  polymer network 
in which the actin filaments are short 
and straight.  They have a  10-nm  di- 
ameter and a helical twist. The aver- 
age concentration of actin in this mi- 
crograph is 7.8 mg/ml. Tilt is =I=6  °. Bar, 
1 #m. x  50,000. 
where.  The  kinetics  of actin  assembly  would  accentuate  the 
fluctuation  densities  of actin  monomers  initially on  the  grid 
surface.  We  estimated  the  surface  area  covered  by  fdament 
densities in Fig. 3 by cutting out, weighing, and calculating the 
percent area of the micrograph covered by the densities. Dense 
regions occupied 30%  of the surface area.  If these areas con- 
rained  an  average of 6  mg/ml of actin,  redistribution  of the 
actin over the surface yields a  final concentration of 1.8  ms/ 
ml.  This  value  is  a  reasonably  close  approximation  to  the 
concentration initially applied to the grid (1 mg/ml). 
In contrast to the rheological properties of pure F-actin (36), 
those of actin assembled with actin-binding protein reflect the 
presence  of  strong  bonds  at  actin  filament  junctions  (28). 
Assuming an assembly of cubes with  100 nm between corners 
and  that  share  adjoining  sides,  an  actin  concentration  of 7.8 
mg/ml  would  be  required  to  construct  a  three-dimensional 
network  consisting  of  perpendicular  intersections,  100  nm 
apart.  This value is within the 6-12 mg/ml range of concentra- 
tions  measured  in  the  densities  on  the  grids.  However,  the 
average  actin  filament  concentration  applied  to  the  grids  in 
these experiments  was  much  lower (1  mg/ml),  and  therefore 
the entire system could not be expected to behave or look like 
a  gel.  Accordingly,  concentrations  of actin  in  the  1  mg/ml 
range assembled with actin-binding protein are more resistant 
to deformation  by stress than  an  equivalent concentration  of 
pure actin but still exhibit some flow in response to stress (28). 
Higher concentrations  of actin  (->4 mg/ml) are necessary  to 
form networks that cease to flow at all under stress. 
Relationship to Cell Structure 
One of the most remarkable features ofactin-binding protein 
is its  ability to  cross-link  actin  into  a  perpendicular  network 
that resembles the arrangement of actin fdaments in the cortex 
of mammalian cells. However, many other proteins have been 
purified  and  demonstrated  to  bind  and  cross-link  actin  ilia- 
merits  (for  reviews,  see  references  22  and  31).  The  effect of 
these additional molecules on  actin structure  requires investi- 
gation.  Nevertheless, the preparation  of actin networks cross- 
linked by actin-binding protein represents a first step in recon- 
structing cytoplasm. 
APPENDIX: 
A Microcomputer Method for Analyzing Three- 
dimensional Networks in Stereo Micrographs 
In this appendix, a program for a microcomputer system is described that 
calculates three-dimensional  information from stereo photographs. Straight line 
segments of filaments on each photograph are entered into a microcomputer  by 
means of a graphic tablet. The two-dimensional  data obtained from each micro- 
graph are then  manipulated by the  computer to  yield the  following three- 
dimensional information: lengths of filaments, their reLative heights, and the 
angles formed by filaments  that intersect. The concentration  of actin in a defined 
volume can also be calculated. 
Height 
The third dimension of each point is obtained from the stereo pair, knowing 
the tilt angle (0) of the specimen  when photographed, the magnification  (M), and 
NI[DERMAN IT AL  Structure  of Actin Gels  1405 FIGURE  5  Stereo  pair  electron 
micrographs  of  actin-actin-bind- 
ing  mixtures  of  a  mole  ratio  of 
25:1.  The  actin  network  has 
tightened  compared  to  the  net- 
work seen at a mole ratio of 50:1. 
However, the  actin  filaments  re- 
tain  their  morphological  appear- 
ance  and  perpendicular  branch- 
ing. The average concentration of 
actin  in these micrographs is 11.1 
mg/ml. Stereo pairs taken at +_6  °. 
Bar, 1/~m. x  50,000. 
"1406  THE JOURNAL OF CELL BIOLOGY. VOLUME  96,  1983 FIGURE  6  High  magnification 
stereo micrographs of actin-actin- 
binding  protein  mixtures  of  a 
mole  ratio of 50:1.  The  small  ar- 
rows  indicate  branches  desig- 
nated in the text as T- or Y-junc- 
tions. The large arrows indicate X- 
junctions. Bar, 100 nm.  x  150,000. 
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FIGURE  7  Histograms  showing 
the distance between filament in- 
tersections (A,  B, and  C) and dis- 
tributions  for  the  angle  of  fila- 
ment branching (D, E, and F). Ac- 
tin (A and D), actin-binding pro- 
tein:actin  in  a mote ratio of  1:50 
(Band  F) and 1:25 (Cand F).The 
number average length  ±  SD  of 
the filament intersections in A,  B, 
and  C was 695 ±  380 nm,  166 ± 
102 nm, and 103:1:50 nrn, respec- 
tively, where n = 100. The average 
angle was  not  calculated.  How- 
ever the angle of intersection for 
actin appears to vary continuously 
between 15  ° and 90 ° . In contrast, 
for actin copolymerized with  ac- 
tin-binding  protein  the  angle of 
intersection approaches 90  ° . 
"1408  THE JOURNAL OF  CELL BIOLOGY-VOLUME 96, 1983 the parallax  distance (P). The parallax distance is the apparent horizontal distance 
traveled by the point when comparing the paired photographs. The parallax 
distance is calculated by the computer using identical reference points entered 
from each photograph of the stereo pair. As shown in Fig. 9, the height (h) of 
point A is 
h -- s/sin O.  (1) 
Since, as defined in Fig. 9, P =  2s, the height of point .4 is 
h  =  (P x  M)/(2 sin 0).  (2) 
In the following description, the heights of points I and 2 in the model of Fig. 
10 will be calculated. In this example, the graphics tablet is oriented under the 
photographs such that the origin of the X  axis and  Y axis is at the lower left 
comer of the figure. The units used in this example are arbitrary. First, the same 
reference point (arrows) is selected for each photograph. The (X,  Y) coordinates 
of the reference point in the left (L) photograph are (37, 8), and in the right (R) 
photograph they are (102, 8). Points I and 2 have L (X,  Y) coordinates of (20, 52) 
and (37,  52), respectively. The R (X,  Y) coordinates are (82,  52) and (102,  52), 
respectively. Point I is, thus, 37-20 or 17 U to the left of the reference point in L, 
and 102-82 or 20 U to the left of the reference point in R. Point 2 has not moved 
relative to the reference points. The parallax distance of point 1 is the difference 
between these two values or 20-17, which equals 3. For point 2, it is 0. These 
points can be converted directly to heights by Eq. 2 once the magnification is 
determined. In this case, the length of the only vertical stick on the model was 15 
cm. The length determined from the figure is 52-12 U  or 40 U. Therefore, the 
magnification is 15 cm/40 U  or 0.375 cm/U. The height of point I is (3 x  0.375 
cm)/(2 ×  sin 6 °) or 5.34 cm. The height of point 2 is therefore 0. 
Distances and Angles 
L l N E LE N G T  H :  Each point recorded is stored as a set of X, Y, Z coordinates 
where the X and Y values are taken from the left-hand stereo picture and the Z- 
value is taken from the calculated height. Lines are defined by two points entered 
sequentially. An array of 20 Lines, dimensioned as L(20,  2,  3),  required  120 
numbers (1.2 K bytes) to be stored in memory. The calculated length of a line is 
determined from the Pythagorean formula in solid space: 
L  =  ~/iX~ -  XO  2 +  (Y2 -  111)2 +  (Za -  Z,)  2.  (3) 
The actual lengths are computed based on the magnification of the photomicro- 
graph. 
The length of the line connecting points I and 2 in Fig. 10 was calculated. The 
X,  Y,  Z  coordinates were first converted to centimeters (actual lengths in the 
photographs). The length, therefore, according to Eq. 3 is ((0-6.45) 2 + (17.3-17.3)  2 
+  (0-5.34)2) 1-2 or 8.36 cm. 
INTERSECTION  ANGLE:  The following geometric formulas were utilized to 
determine whether lines crossing in space touched, and if so, the angle at which 
they intersect. 
The distance between lines PIP~ and P3P4 (Fig. 11) is defined as the length of 
the line segment d which is perpendicular to both lines. The direction of this line 
segment is found from the vector cross product: 
V  =  PiP2 ×  P3P4 
The length of line segment d is the projection of any line connecting the two lines 
(such as the line between P1 and P3 in Fig. 11) onto this perpendicular vector. 
The length is obtained as the absolute value of the dot product of the line P~P3 
and the unit vector V/V or: 
d =  PIP3.[(P~P2  x  PzP4)/([P~P2 ×  PsP41)]. 
The angle between the two lines (or cellular elements) is found using the dot 
product formula which is defined as: 
v,.v~  -  IV, l.lV~lcos 0. 
Rearranging, we have: 
cos 0 =  (Vl.V~)/(Ivd. IV~l). 
Where the two lines are defined by the four points X(I-4),  Y(I-4), Z(l~t), the 
right side of the equation is found as: 
Vx. V~ =  (X2-XO(X,-Xs)  +  ( Y2- Y,)( Y4- Y3  ) +  (7~-z,)(Z~-Z~) 
IV, I =  4(X~-XO  ~ +  (~'~-Y,)~ +  (z~-z,y 
IV~l =  ,/(X~-X~)  ~ +  (Y,-Y~)~  +  (Z.-Z~)  ~ 
® 
FIGURE  8  Model  for assembly of  a  gel  network  by filament rean- 
healing.  (,4)  Initial  preferred  end  assembly  of  chain  on  the  two 
binding sites of actin-binding protein forms I.-shaped polymer frag- 
ments.  Actin-binding protein  is as the vertex of the  t.,  and  actin  is 
indicated  by  the  solid  triangles.  The  polarity  of  the  filaments  is 
indicated  by the  orientation  of the  triangles.  (B) With  time,  elon- 
gation  also  occurs  on  the  non-preferred  end  of  the  filaments  as 
indicated by the open triangles. This forms T- or X-shaped fragments 
which  can then anneal. 
Since it may not be clear from visual inspection of stereo microgmphs whether 
the two elements actually intersect, it has been convenient to have access to the 
calculated distance between them. If the distance is zero or within an expected 
amount of experimental error, the intersection angle is retained as valid. When 
the distance between lines is >0, the angle calculated is the angle of one line 
crossing over the  other  when  viewed  looking down  on  the  elements  (at  a 
perpendicular vector from the elements). 
Concen tra  tions 
The total length of all the elements in a defined volume of rectangular three- 
dimensional space can be summed from the lengths of the individual  elements in 
this space. The volume is defined by indicating the desired rectangular area on 
the graphics tablet with the pen. The computer lists on the monitor the heights of 
the lowest and highest elements. The operator then enters the height of the lower 
boundary and the thickness of the desired volume. The lengths of  all the elements 
traversing  within the chosen boundaries of the volume are summed. The program 
finds the points of intersection of each individual element with the faces of the 
rectangular volume. For example, as illustrated in Fig.  12 the length of the 
element to be calculated is/'1P2. The working area is from XW to XE and from 
YN to YS. Points P~ and/'2 are outside the defined rectangular volume. New 
points, Q~ and R2, need to be calculated so that segment Q~R2 will be taken as 
the length of the element in the volume. Point Q1 is determined fn'st. The X,  Y, 
Z  components of it are: 
XQI =  XW 
YQ~ -- (xw-  x,)/(x2-x,)  x  (Y2 -  Y1) +  Y~ 
ZQI =  (XW-  X,)/(X2-XI)  ×  (Zz -  ZI) +  Z,. 
A  similar calculation is required for R2, since the point P2 is higher than the 
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FIGURE  9  An  object  at  a 
height  of  h  on  a  surface  will 
appear  to  travel  a  horizontal 
distance of  P =  2 S after tilting 
the  specimen  from  8 °  below 
the horizontal  to 8 °  above. 
1410  THE  JOURNAL OF  CELL BIOLOGY. VOLUME 96, 1983 FIGURE 10  Stereo photographs of  the stick  model. The second  photograph was  taken  after +_6  °  of  horizontal  rotation of  the 
model to generate the stereo pair. 
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FIGURE 11  The  length  of  line 
segment d is calculated as the dot 
product  of  the  vector  P1 P3  and 
the  vector  perpendicular  to  the 
two  nonintersecting  line  seg- 
ments  P1 P2 and  P3/'4. 
defined volume which extends only from Z  =  0 to Z  =  TP. The components of 
R2 are  calculated  as: 
XR2  =  (TP  -  Z,)/(Z2-Z,)  x  (?(2  -  )[1) +  X, 
YR2 =  (TP-  Zl)/(Z2-Zl)  x  (}'2  -  Y,) +  Yx 
ZR2 =  TP. 
Now the desired length of line P~/'2 within the chosen volume can be calculated 
as the line segment Q1 R2 as follows: 
Length =  ~/(XR2  -  XQO  2 +  (YR2 -  YQI)  2 +  (ZP.¢ -  ZQ~)  2. 
After all line  segments are summed up,  a  concentration can be calculated if 
desired. 
intersection points, using a  ruler. Except for the two diagonal sticks, all of the 
connecting elements were perpendicular to each other, This model was photo- 
graphed at a  ±  6 °  of rotation to produce the stereo photographs used on the 
graphics tablet.  The  microcomputer program was applied to the  stick model 
shown in the stereo photographs of Fig. 10. 
Length 
Three sets of elements in the stick model were measured. The eight connecting 
sticks of the front and back faces of the model measured 10.6  +  0.2 cm (mean 
±  SD) by ruler and 10.8 +  0.5 cm by the computer. These were not statistically 
different (P >  0,2). The four elements that connected the two faces of the model 
measured 7.85 ±  0.2 cm by ruler and 8.31 ±  t. 1 cm by the computer. These were 
also  not  statistically different  (P >  0.2).  Each of the  two diagonal elements 
measured 15.0 cm by ruler and 15.2 ±  1.3 cm (16.2 and 14.3 cm) by the computer. 
Testing the Program 
A stick model was prepared (Fig. 10) to validate the computer program with 
an object of known dimensions. Measurements were made of the length between 
Angles 
The 24 perpendicular angles at the eight comers of the cube were assumed to 
be 90  ° and the angles formed by the two diagonal elements were assumed to be 
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FIGURE 12  Diagram  illustrating 
that  the  portion  of  line  P~ P2 
within  the rectangular volume of 
area XW, XE, YN, YSand height Z 
=  0  to  Z  =  TP is  line  segment 
Q1 R2. 
45 °. The computer determined the perpendicular angles to be 90.2 ±  5.0  ° with 
a range of 80.3-100.9 °. The angles of intersection of the diagonal elements in the 
comers were calculated as 45.4 ±  2.3  ° with a range of 41.0-47.2 °. The angle and 
distance between the two diagonal nonintersecting elements were calculated to 
be 89.8 ° and 7.87 era, respectively. The actual distance measured was 7.85 cm. 
Concen trs tions 
Since the concentrations are not applicable to the stick model, we determined 
the total length of the stick elements for the volume of the model. The sum of all 
the sticks in the model was determined to be 150 cm by the computer and 146 cm 
with the ruler. 
To check the serial sectioning subprogram, we arbitrarily divided the model 
into  two sections.  The total sum of the length of the sticks  in  the two pieces 
should therefore add up to 150 era. When the model was divided 9 cm up from 
its back comer, the lower part contained a total length of 91.2 cm and the upper 
part 58.8 era. Similarly, when it was divided near vertical, the fight side contained 
a total length of 72.5 em and the left side 79.2 era. A precise fragment was defined 
by cutting a  section through the model (Fig.  10) that included only the sticks 
from point I  to 3 and from point 3 to 4 and the right half of the horizontal stick 
cut off by an imaginary line from point  I  to 4. The sum of these lengths was 
29.2 cm by the computer and 28.3 em by ruler. 
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